During DNA replication, mutations occur when an incorrect dNTP is incorporated opposite a carcinogenmodified nucleotide. We have probed the structures of the interaction between O 6 -methylguanine (O 6 mG) and cytosine and thymine during replication by kinetic means in order to examine the structure during the rate determining step. The kinetics of incorporation of dCTP and dTTP opposite O 6 mG and three analogs, S 6 -methyl-6-thioguanine, O 6 -methyl-1-deazaguanine and O 6 -methylhypoxanthine, have been measured with four polymerases, the Klenow fragment of DNA polymerase I, the Klenow fragment with the proof-reading exonuclease inactivated, Taq and Tth polymerases. In the insertion of dTTP opposite O 6 mG, a large decrease in V max /K m was observed only upon modification of the N1 position. This result is consistent with a Watson-Crick type configuration. For the incorporation of dCTP, the V max /K m was significantly decreased only with removal of the exocyclic amino group at the 2 position. The pH dependence of the ratio of incorporation of dCTP and dTTP was independent of pH at physiological pH. This result suggests that dCTP is incorporated via an uncharged complex such as the wobble configuration.
INTRODUCTION
Carcinogen-modified DNA leads to mutations when the DNA polymerase incorporates an incorrect dNTP opposite the lesion. The identity of the lesion can have an influence on which nucleotide is incorporated opposite it through hydrogen bonding. Loveless (1) proposed that O 6 -alkylguanines can cause mutations because alkylation alters the hydrogen bonding region of guanine. Upon alkylation of the oxygen, the 1 position of guanine is changed from a hydrogen bond donor to a hydrogen bond acceptor. Consequently, specific hydrogen bonding to cytosine is destroyed and the potential exists for a favorable hydrogen bonding complex with thymine. In this manuscript we describe our investigations into the structure of the hydrogen bonding complex between O 6 mG1 and dCTP and dTTP during replication using analogs of O 6 mG in which the Watson-Crick hydrogen bonding sites have been altered.
Replication of normal nucleotides involves the formation of Watson-Crick base pairs between the template and the dNTP. The difference in energy between the correct and incorrect base pairs in aqueous solution is not large enough to account for the fidelity (2) . The polymerase may enhance the free energy differences by reducing the entropy differences of the correct and incorrect base pairs (3) . In addition, the exclusion of water from the active site of the protein can increase the difference in energy between the correct and incorrect base pairs (4) . Fidelity is also controlled further along the replication pathway. After binding of the dNTP to the template, the polymerase undergoes a conformational change which can allow the polymerase to provide steric checks to determine whether the DNA has the Watson-Crick conformation. If the nascent base pair and the previous 3 bp are of the Watson-Crick configuration then phosphodiester bond formation proceeds quickly. If not, then phosphodiester bond formation is rate limiting (5) .
dCTP and dTTP were found to be incorporated opposite O 6 mG in vitro (6, 7) and in vivo (8) (9) (10) (11) (12) . In the in vitro reactions, the rate of incorporation opposite O 6 mG is much less than for the natural bases and similar to the misincorporation of dTTP opposite G with the Klenow fragment (7, 13) . Phosphodiester bond formation is rate limiting and differences in the rate of the phosphodiester bond formation can account for the preferential incorporation of dTTP opposite O 6 mG (14) .
The stability of the base pair between O 6 mG and dC or dT does not directly influence which nucleotide is incorporated. Based on melting studies, the O 6 mG-dC complex is more stable than O 6 mG-dT complex (15, 16) but dTTP is incorporated opposite O 6 mG more frequently than dCTP.
The structure of the complexes may explain the preference for dTTP over dCTP. Potential structures for the O 6 mG-dNTP complex during replication can be obtained by examining the static structures obtained by NMR and X-ray crystallographic techniques. NMR studies of an oligodeoxynucleotide duplex have shown that the O 6 mG-dT complex is in the distorted Watson-Crick configuration, as illustrated in Figure 1a . The methyl group is oriented in the syn configuration, pointing toward the opposite DNA stand (17, 18) . Molecular modeling studies have shown that the methyl group is more stable in the syn * To whom correspondence should be addressed. Tel: +1 914 789 7289; Fax: +1 914 592 6317; Email: tomspratt@aol.com configuration in the nucleoside, but the energy difference is only ∼1 kcal/mol. Depending on the environment, the methyl group is able to interconvert between the syn and anti configurations (19) . The more Watson-Crick-like structure illustrated in Figure 1b , with the methyl group in the anti configuration, has been observed in a crystal of an oligodeoxynucleotide duplex (15) as well as with protected nucleosides in CDCl 3 (20) .
The O 6 mG-dC base pair has been found to exist in three different conformations. NMR studies of a duplex have detected the wobble structure illustrated in Figure 2a (21, 22 ). An X-ray crystallographic study of an oligodeoxynucleotide duplex with netropsin bound to the minor groove found a O 6 mG-dC base pair to be a wobble structure (Fig. 2a) and a second O 6 mG-dC base pair to be in a bifurcated structure with split hydrogen bonds, as illustrated in Figure 2b (23) . The more Watson-Crick-like protonated structure illustrated in Figure 2c has been observed in a crystal structure (24) and with protected nucleosides in CDCl 3 (20) . Melting studies over a pH range suggest that at low pH the O 6 mG-dC structure is protonated as in Figure 2c but is neutral at physiological pH (15) .
We probed the structure of the complex between the incoming dNTP and O 6 mG by examining this reaction with analogs of O 6 mG in which the hydrogen bonding region is chemically changed. This interaction was also examined by determining the pH dependence of the insertion of dCTP and dTTP.
MATERIALS AND METHODS

Chemicals
[ 32 P]ATP was purchased from Amersham (Arlington Heights, IL) at 6000 Ci/mmol. T4 polynucleotide kinase, Taq DNA polymerase, Tth DNA polymerase, the Klenow fragment of Escherichia coli DNA polymerase I and the Klenow fragment with the proof-reading exonuclease inactivated [Kf(exo -)] were obtained from US Biochemicals (Cleveland, OH). The dNTPs were purchased from Pharmacia (Uppsala, Sweden) as ultrapure grade and the concentrations were checked by absorbance (25) .
Synthesis of oligodeoxynucleotides
The oligonucleotides were synthesized and characterized similarly to as previously described (26, 27) . The oligodeoxynucleotides synthesized include the primer and the template strands of the sequences described below. The primers were synthesized in which N was either C or T. The templates were synthesized in which X was G, O 6 mG, S 6 mG, O 6 m1DG or O 6 mH. The oligodeoxynucleotides were purified by a combination of anion exchange and reverse phase HPLC (27) . The purities of the oligodeoxynucleotides were determined to be >98% by PAGE with the 5′-[ 32 P]O 4 -labeled oligodeoxynucleotides. The sequences were chosen to alternate the nucleotides but to keep a higher CG content, so that the template-primer complex would stay annealed at a reasonable temperature and that the primer would anneal to the template in the correct position. The concentrations of oligodeoxynucleotides were determined from the absorbance at 260 nm, using ε = 115/mM/cm for the primer and 172/mM/cm for the template (28) . The primer was 32 P-labeled with [γ-32 P]ATP and T4 polynucleotide kinase. The oligomer was separated from low molecular weight impurities with a spin column (BioGel P6; Sigma, St Louis, MO) and the primer was annealed with a 10% excess of the template as described (27) . template: 3′-GCTGCAGCTGCAXCTAGT-5′ P 12 5′-CGACGTCGACGT-3′ P 13N
5′-CGACGTCGACGTN-3′
Reaction with DNA polymerase
The polymerase was added to a solution containing a 32 P-labeled oligodeoxynucleotide duplex and the buffer was adjusted to the final conditions of 100 mM buffer, 10 mM MgCl 2 , 10 mM DTT, 200 µg/ml BSA. The reaction was initiated by addition of 3 µl dNTP in water to 3 µl DNA/enzyme solution at 37_C. The composition of the buffer during the reaction was 50 mM buffer, 5 mM MgCl 2 , 5 mM DTT, 100 µg/ml BSA. The reactions were quenched by addition of 6 µl 100 mM EDTA in 95% formamide. The progress of the reaction was analyzed by denaturing PAGE in 20% acrylamide (19:1, acrylamide:N,N′-methylene bisacrylamide), 7 M urea in 1× TBE buffer (0.089 M Tris, 0.089 M boric acid, 0.002 M Na 2 EDTA). The size of the gel was 40 × 33 × 0.4 cm and was run at 2500 V for 2-2.5 h. The radioactivity on the gel was determined with an Ambis Radioanalytic Imaging System or a BioRad GS 250 Molecular Imager.
Insertion opposite guanine, O 6 mG and analogs
The incorporation of dCTP and dTTP opposite G, O 6 mG, S 6 mG, O 6 m1DG and O 6 mH was carried out using 50 mM Tris-HCl, pH with Taq and Tth DNA polymerases. The polymerase concentrations were 0.45 U/ml Kf(exo -), 0.23 U/ml for Kf(exo + ) and 18.8 U/ml for Taq and Tth DNA polymerases. These concentrations of polymerases were employed to obtain 3-20% yield of product in 1-10 min incubations. The activity of Taq and Tth DNA polymerases are calculated at 70_C and are less active at 37_C. The concentration of dCTP and dTTP varied from 0 to 1 mM.
Extension past O 6 mG-C and O 6 mG-T base pairs
The extension reactions were performed as described above using primer 13C and primer 13T annealed to the template with Kf(exo -) at 0.45 U/ml. The initial rate of incorporation of dGTP over a range of concentrations was determined.
pH dependency for incorporation opposite O 6 mG
The pH of the buffer was adjusted by addition of HCl while the ionic strength was kept at a constant by addition of NaCl. The final buffer concentration was 50 mM buffer-HCl, 5 mM MgCl 2 , 5 mM DTT, 100 µg/ml BSA, with an ionic strength of 65 mM. The buffers used were MES, pH 5-6.5, HEPES, pH 6.5-8.0, and TAPS, pH 8.0-9.5. Kf(exo -) was incubated with buffer and DNA at 37_C for at least 10 min prior to initiation of the reaction. To measure competition between dCTP and dTTP, the DNA and polymerase were incubated with 20 µM dTTP and 120 µM dTTP.
Incorporation of 2′-deoxyuridine and 5-methyl-2′-deoxycytidine
The initial rate of incorporation of dUTP and d5mCTP opposite O 6 mG was carried out as described for incorporation of dTTP and dCTP.
RESULTS AND DISCUSSION
Incorporation of dCTP and dTTP opposite analogs of O 6 mG
Interactions in the hydrogen bonding region between O 6 mG and dCTP and dTTP were explored using the analogs of O 6 mG illustrated in Figure 3 . If a site was important for the reaction then alteration of that site should decrease the rate of reaction. An assumption is that these changes are minor compared with methylation and that the DNA-polymerase complex treats the O 6 mG analogs as O 6 mG. Nucleotide analogs have been employed to examine internucleotide interactions (29) , protein-DNA interactions (30, 31) and the mechanism of DNA polymerase (32) . Substitutions in O 6 mG can result in a suboptimal interaction due to steric hindrance and disruption of a hydrogen bond. Sulfur is larger than oxygen and less electronegative. Thus, if a dNTP was in a hydrogen bond with the O 6 position of O 6 mG then changing oxygen to sulfur would push the dNTP further away due to a steric effect and it would be bound less tightly due to a weaker hydrogen bond. Substitution of sulfur in the 6 position of guanine has been found to decrease the rate of incorporation of dCTP by 60% (33, 34) . The replacement of N with CH results in the loss of a hydrogen bond acceptor in O 6 m1DG. Furthermore, the carbon-bound proton would also sterically interfere with any proton that had been in a hydrogen bond with the nitrogen. This interaction would significantly distort the O 6 mG-dNTP complex. A hydrogen bond donor is removed with O 6 mH. The strength of the interactions with the 2-carbonyl on the dNTP would be reduced. However, there are no steric interactions that prevent the structure of the O 6 mH-dNTP complex being similar to the O 6 mG-dNTP complex. In incorporation of dCTP opposite guanine, removal of the amino group reduced the rate of reaction ∼10-fold (35) . The rates of replication of O 6 mG and these analogs were determined for four polymerases, the Klenow fragment, Kf(exo -), Taq and Tth polymerase. The kinetics of insertion of dCTP or dTTP opposite the lesion and extension past the lesion were followed by PAGE, which separates the starting material and the products. The kinetics was found to be consistent with simple Michaelis-Menten kinetics illustrated by equations 1 and 2, in which S is the dNTP, E is the polymerase, DNA n is the substrate oligodeoxynucleotide and DNA n+1 is the oligodeoxynucleotide product. The kinetic parameters were determined by fitting the data to equation 2 with the non-linear least squares curve fitting routine in SigmaPlot. Data for Kf(exo -)-catalyzed reactions along with the calculated lines are illustrated in Figure 4 . The kinetic parameters are presented in Tables 1-4 and compared in Figure 5 .
The relative incorporation of dC to dT opposite guanine ranged from 3100 for Tth DNA polymerase to 21 000 for Taq DNA polymerase. The relative V max /K m for incorporation of dC/dT was 5-fold higher for Kf(exo -) than Kf(exo + ). This difference was largely due to a lower K m for incorporation of dCTP by Kf(exo -). In all cases, preferential incorporation of dC over dT was primarily due to a lower K m for dCTP. This result is consistent with that previously observed with Kf(exo + ) (36). Incorporation of dCTP opposite O 6 mG was much slower than opposite G. The difference in V max /K m was primarily due to an increase in K m . This result is also consistent with that previously observed with Kf(exo + ) (36) . Conversely, the V max /K m for incorporation of dTTP opposite O 6 mG was ∼10-fold higher than opposite G. This increase was due to a change in the V max for the Klenow fragments and both the V max and K m parameters for Taq and Tth DNA polymerases.
To determine whether a site on O 6 mG is important for incorporation of either dCTP or dTTP, we should examine the change in rate between O 6 mG and the analogs in the template. The differences in kinetic parameters are summarized in Figure  5 . The largest change in rate was observed in incorporation of dTTP when O 6 m1DG replaced O 6 mG. The four polymerases exhibited a 500-to 900-fold decrease in V max /K m , due primarily to a decrease in V max . Substitution of the oxygen with sulfur or removal of the amino group at the 2 position resulted in a <10-fold decrease in V max /K m in incorporation of dTTP.
The results with O 6 m1DG in the template implicate the N1 position of O 6 mG as having a critical interaction in incorporation of dTTP. These results are more consistent with the structure in Figure 1b than with that in Figure 1a . If replication occurred via the structure in Figure 1b , then O 6 m1DG would be a poor substrate. Replacement of the nitrogen at the 1 position of O 6 mG would prevent dTTP from approaching due to steric interactions between the proton at the 1 position of O 6 m1DG and the imino proton of dTTP. If, however, replication occurred via the structure in Figure 1a , then we would not predict O 6 m1DG to be a poorer substrate then O 6 mG, because the orientation of the methoxy group already prevents dTTP from approaching O 6 mG and forming an additional hydrogen bond with O 6 m1DG.
The model in Figure 1b also predicts a hydrogen bond between the O 2 position of dTTP and the exocyclic amino group of O 6 mG. When O 6 mG is replaced by O 6 mH, this hydrogen bond cannot exist. In contrast to the O 6 mG to O 6 m1DG substitution, there is no steric interaction which prevents the complexes in Figure 1a or b from forming. This hydrogen bond is important in incorporation of dCTP opposite guanine. Removal of the amino group reduces the rate of reaction ∼10-fold (35) . Therefore, a decrease in rate would be expected if this interaction is critical. Removal of the amino group from O 6 mG, however, did not result in significantly decreased rates of incorporation of dTTP. In contrast to incorporation of dCTP opposite guanine (35) , this hydrogen bond is not important in incorporation of dTTP opposite O 6 mG. Table 5 . Extension past O 6 mG-C and O 6 mG-T base pairs a In insertion of dCTP, alteration of the O 6 and 1 positions of O 6 mG produced small changes in the V max /K m values. Removal of the exocyclic amino group at the 2 position resulted in a larger, ∼10-fold, decrease in V max /K m . These results do not allow us to come to a conclusion as to which structure occurs in the active site of the polymerase during replication.
The small decreases associated with substitution of the O 6 position are consistent with the structures in Figure 2b and c but not a. Substitution of sulfur in the 6 position of guanine has been found to decrease the rate of incorporation of dCTP by 60% (33, 34) , results similar to those in the present experiments. However, we hesitate to use <10-fold changes in rate to predict structures. S 6 mG may subtly differ from O 6 mG in properties not associated with binding to dCTP but which may decrease the rate of reaction.
The lack of a large decrease in V max /K m associated with substitution of the N1 position does not allow us to discriminate between the structures in Figure 2a Figure 2d has a more Watson-Crick-like geometry, but has one less hydrogen bond. If an analog of O 6 mG does not bind to the incoming dNTP as does O 6 mG, then analysis of the resulting changes in rate would be very difficult.
The 10-fold decrease in rate observed for substitution of the N 6 position is consistent with the three structures illustrated in Figure  2a -c. The exocyclic amino group of O 6 mG has different roles in incorporation of dCTP and dTTP. Removal of this group does not affect the rate of incorporation of dTTP, but reduces the rate of incorporation of dCTP 10-fold. Polymerases have been shown to interact with minor groove sites in the DNA and the incoming dNTP (37) (38) (39) . Perhaps the minor groove interactions differ depending on whether dCTP or dTTP is incorporated opposite O 6 mG.
Extension past O 6 mG-C and O 6 mG-T base pairs
The extension past O 6 mG-C and O 6 mG-T base pairs was examined using the template and primer 13C and 13T. The primers were annealed to the four templates and the initial rate of incorporation of dGTP determined. The kinetic analysis was consistent with simple Michaelis-Menten kinetics as illustrated by equations 1 and 2. The parameters obtained are shown in Table 5 . Small changes in rate constants are observed. The largest rate decrease was found in extension past the O 6 m1DG-thymine base pair, in a result similar to that found in the insertion reactions. These results are consistent with Figure 1b in extension past O 6 mG-dT base pairs.
pH dependency of the incorporation of dCTP and dTTP opposite O 6 mG
The possibility of a protonated O 6 mG-dCTP complex was tested by examining the pH dependence of incorporation of dCTP and dTTP opposite O 6 mG. The O 6 mG-dCTP complex can be most Watson-Crick-like when it is protonated (Fig. 2c) . In duplex DNA at neutral pH a wobble configuration is more abundant than the protonated species. At more acidic pH the protonated species becomes more abundant (15) . If insertion of dCTP opposite O 6 mG occurs via the protonated species then the relative rate of incorporation of dCTP should increase at lower pH values. This hypothesis was examined by measuring the relative rates of incorporation of dCTP and dTTP over a pH range.
The competition between incorporation of dCTP and dTTP was measured with both dCTP and dTTP present in the reaction solution. A solution containing 120 µM dCTP and 20 µM dTTP was added to DNA and polymerase. The rates of incorporation of both dCTP and dTTP were at a maximum at pH 8.3 and decreased as the pH was raised or lowered. At pH values <6 the rate of reaction is very slow. These reactions could be detected only with extended incubation times and higher polymerase concentrations. The reaction was quenched and analyzed by PAGE. The products, 13mers containing either C or T on the 3′-end, migrate differently on PAGE and the formation of each was quantified. The relative incorporation divided by the substrate concentrations is equal to the V max /K m ratios (40) Figure 6 shows (V max /K m ) dCTP / (V max /K m ) dTTP plotted against pH for Kf(exo -), Taq and Tth DNA polymerases.
All of the enzymes exhibit pH-independent (V max /K m ) dCTP / (V max /K m ) dTTP at high pH values. As the pH becomes more acidic, (V max /K m ) dCTP /(V max /K m ) dTTP increases. For Tth DNA polymerases the increase begins below pH 7, for Taq polymerase The pH-independent and pH-dependent (V max /K m ) dCTP / (V max /K m ) dTTP regions are consistent with two structures for incorporation of dCTP opposite O 6 mG. In the pH-independent regions near physiological pH incorporation of dCTP would occur via a neutral complex such as that in Figure 2a or b. At more acidic pH values dCTP or O 6 mG can be protonated and replication can occur via the structure in Figure 2c .
The neutral dCTP-O 6 mG structures ( Fig. 2a and b ) are more distorted from the ideal Watson-Crick geometry than the O 6 mG-dTTP complex in Figure 1b . This may contribute to preferential incorporation of dTTP opposite O 6 mG. However, at acidic pH values the O 6 mG-dCTP complex becomes protonated, adopts a more Watson-Crick-like geometry and dCTP becomes a better substrate than dTTP.
The increase in (V max /K m ) dCTP /(V max /K m ) dTTP occurs at different pH values for each polymerase. The increase for Taq DNA polymerase begins at pH 6.5, at pH 6.0 for Tth DNA polymerase and at pH 5 for Kf(exo -). These differences may reflect the relative hydrophobicities of each active site. The more hydrophobic the active site, the lower the pK a of the dCTP-O 6 mG complex would become.
Influence of the 5-methyl group in thymine and cytosine
Neither dCTP nor dTTP is a good substrate for replication opposite O 6 mG. Compared with the discrimination between correct and incorrect base pairs, dCTP and dTTP are relatively equal substrates for pairing with O 6 mG. The dCTP:dTTP incorporation ratio changes with experimental variables such as nucleotide sequence (41) . A difference between cytosine and thymidine is the methyl group at the 5 position of the pyrimidine. The additional hydrophobic surface of the methyl group may enhance stacking ability of the nucleoside onto the primer strand. This factor may make dTTP a better substrate than dCTP for the polymerase. We tested this hypothesis by measuring the relative rates of incorporation of dTTP, dUTP, dCTP and d5mCTP opposite O 6 mG.
The initial rates of incorporation of dUTP, dTTP, dCTP and d5mCTP opposite O 6 mG catalyzed by Kf(exo -) were measured. All four reactions exhibited simple Michaelis-Menten kinetics and the kinetic parameters are shown in Table 6 . In incorporation of dTTP removal of the methyl group did not influence rate of reaction. Addition of a methyl group to dCTP increased the rate 2-fold due to a drop in the K m parameter. Therefore, increased hydrophobicity of the methyl group did not significantly influence whether dCTP or dTTP was incorporated opposite O 6 mG. 
CONCLUSION
We have examined the interaction between dCTP and dTTP and O 6 mG during DNA replication. The use of analogs of O 6 mG have indicated that incorporation of dTTP occurs via the Watson-Crick-like structure indicated in Figure 1b . The pH dependency of incorporation of dCTP/dTTP suggests that dCTP is incorporated opposite O 6 mG via an uncharged wobble structure as illustrated in Figure 2a or b. The protonated WatsonCrick-like structure in Figure 2c is a better substrate, but at physiological pH values the O 6 mG-dCTP complex is unprotonated.
